Photomagnetic compounds are usually achieved by assembling preorganized individual molecules into rationally designed molecular architectures via the bottom-up approach. Here we show that a magnetic response to light can also be enforced in a nonphotomagnetic compound by applying mechanical stress. The nonphotomagnetic cyano-bridged Fe II −Nb IV coordination polymer {[Fe II (pyrazole) 4 ] 2 [Nb IV (CN) 8 ]·4H 2 O} n (FeNb) has been subjected to high-pressure structural, magnetic and photomagnetic studies at low temperature, which revealed a wide spectrum of pressure-related functionalities including the light-induced magnetization. The multifunctionality of FeNb is compared with a simple structural and magnetic pressure response of its analog {[Mn II (pyrazole) 4 ] 2 [Nb IV (CN) 8 ]·4H 2 O} n (MnNb). The FeNb coordination polymer is the first pressure-induced spin-crossover photomagnet.
■ INTRODUCTION
Molecular solids are usually pursued via the bottom-up modular approach and synthesized by assembling properly designed building blocks that are carriers of various functionalities, i.e., ferromagnetism, superparamagentism, 1 quantum nanomagnetism, 2−4 chirality, 5−8 redox activity, 9 luminescence, 10 spin crossover, 11, 12 photochromism, 13 photomagnetism, 14−17 conductivity, 18 or piezochromism. 18, 19 The occurrence of several selected functionalities within a single compound is called multifunctionality 20, 21 and can take the form of a simple coexistence, an interaction, when one function affects the other and enables switching behavior or a cross-coupling leading to new physical and chemical cross-effects of higher order. 5 Photomagnets constitute a special class of multifunctional materials that either become paramagnetic, ferromagnetic, or distinctly change their magnetic properties upon illumination. 22, 23 Since its discovery, 22 photomagnetism has received a lot of attention as it offers a unique way of controlling spins and magnetization by photons, which is not available in conventional magnets (metals and oxides). 24 In other words, light can be used to generate, manipulate, and read out spins. 25 So far two main classes of photomagnetic materials have been investigated: spin crossover 11, 15, 24, 26 and charge-transfer photomagnets. 27 The former class employs the light-induced excited spin-state trapping (LIESST) effect 28 that enables switching between low-spin (LS) and high-spin (HS) states of a single metal center by light. In case of octahedral Fe II , the light wavelength has to fall within the 1 A 1 → 1 T 1 d−d absorption band of the LS state for LIESST or the 5 T 2 → 5 E d−d absorption band of the HS state for reverse-LIESST to occur. 29 Charge-transfer photomagnets 27 work similarly, but the lightinduced spin transition is a consequence of an electron transfer between two metal centers. The most intensely explored charge-transfer photomagnets stem from Prussian Blue analogs 30, 31 and their 4d and 5d congeners. 32 An elegant example of a light-induced spin-crossover magnet based on the LIESST effect is the {[Fe II (4-pyridinealdoxime) 4 ]-[Nb IV (CN) 8 ]}·2H 2 O three-dimensional (3-D) coordination polymer with cyanide bridges connecting the Fe II and Nb IV centers, reported by Ohkoshi and co-workers. 24 This molecular system shows gradual thermal spin-crossover transition at Fe II centers resulting in a paramagnetic behavior at low-temperature stemming from the remaining S = 1/2 Nb IV . The illumination leads to the LIESST effect generating HS (S = 2) Fe II centers and activates local antiferromagnetic Fe II −Nb IV interactions between the light-generated HS Fe II and the Nb IV centers. This in turn leads to spontaneous magnetization and light-induced long-range ferrimagnetic ordering at 20 K due to the strong magnetic exchange pathways provided by the 3-D −Nb IV − CN−Fe II − coordination skeleton.
We have studied cyanide-bridged Fe II −Nb IV systems since our report on the first iron(II)-octacyanoniobate(IV) ferromagnet in 2009. 33 Similarly as Ohkoshi et al., 34 we aimed at Fe II −Nb IV spin-crossover compounds with photoinduced ferromagnetic state, without much success at that time. However, the analysis of these results 33, 35 indicated the potential of high-pressure experiments 36 35 and led to the observation of a pressure-induced spin-crossover phenomenon reported herein. During these studies, we realized that LIESST effect should be also possible at high pressure, and we conceived a high-pressure photomagnetic experiment that would confirm this hypothesis. Here we report the first example of a pressure-induced spin-crossover photomagnet FeNb exhibiting various magnetic and photomagnetic phenomena under pressure and the first successful highpressure photomagnetic experiment. The pressure-and temperature-dependent magnetic properties of FeNb include the magnetic ordering (ferrimagnetism and antiferromagnetism), pressure-induced and thermal-induced spin-crossover transition, and photomagnetism. It also shows a pronounced spin-crossover-related piezochromic behavior. The pressureinduced spin-crossover is confirmed by single-crystal X-ray diffraction (sc-XRD) structural analysis under pressure at room temperature and is further supported by high-pressure Raman spectroscopy. Additionally, the pressure-induced magnetic and structural properties of FeNb are confronted with its manganese(II) analogue {[Mn II (pyrazole) 4 ] 2 [Nb IV (CN) 8 ]· 4H 2 O} n (MnNb), where neither spin-crossover nor related photomagnetic phenomena occur.
■ RESULTS AND DISCUSSION
FeNb has a diamond-like polymeric structure (tetragonal I4 1 / a) strongly converged along the c direction with Nb IV and Fe II centers linked together through slightly bent cyanide bridges ( Figure 1a Hydrostatic compression of FeNb in a Merrill−Bassett diamond-anvil cell (DAC) results in dramatic structural changes, which were determined by sc-XRD (see Table S1 in the Supporting Information for crystallographic details). The structural data under pressure obtained for FeNb are compared with the respective pressure-induced structural deformations in the manganese(II) analogue MnNb (see Table S2 in Supporting Information for crystallographic details). The observed changes in FeNb include a considerable volume compression (−15.4% at 2.36 GPa compared to −12.4% at 2.42 GPa for MnNb; Figure 2a ) and the Fe−N bonds shrinkage typical for HS−LS Fe II spin-crossover transition: for Fe−N CN 
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Article from 2.198(3) Å at ambient pressure to 1.953(13)Å at 2.88 GPa and for Fe−N pyrazole from 2.171(2)Å at 0.1 MPa to 1.91(6)Å at 2.88 GPa (Figure 2b and Figure S1 , Table S3 , and animation 2 in Supporting Information). The increased standard deviations of the Fe−N pyrazole bond lengths in the 0.8−2.4 GPa range reflect probably the gradual change of the populations of the transformed regions in the crystal, with the coexisting longer (of about 2.15 Å) and shorter (of ca. 1.95 Å) bonds. This would be contrary to the concept of a gradual change in the lengths of these particular bonds, assuming intermediate values during the transition, and could mean that the Fe−N CN bonds behave differently. The respective bond length shrinkage in MnNb is much less pronounced and can be associated with the typical structural response to hydrostatic pressure. The volume compression (Figure 2a ) and the shrinkage of the corresponding bonds ( Figure 2b ) are significantly stronger in FeNb than in MnNb above around 1.6 GPa, consistently with the pressure-induced spin-crossover transition of the Fe II centers at room temperature.
Noteworthy, the Mn−NC−Nb bridge in MnNb is considerably more bent at higher pressures than the corresponding Fe−NC−Nb bridge, which remains basically unchanged (Figure S1, Supporting Information). Such a behavior of FeNb partly compensates the severe pressureinduced shrinkage of the Fe II coordination sphere. All structural changes in MnNb and FeNb are fully reversible as confirmed by full structural analyses of the crystals after releasing the pressure from 0.55 and 5.00 GPa for FeNb and from 1.30 GPa for MnNb (Tables S1−S3, Supporting Information).
The pressure-induced changes were also followed by recording the Raman spectra in a DAC up to 3.61 GPa at room temperature ( Figure 3 ). From 0.10 MPa to 1.11 GPa a significant hypsochromic shift of the three characteristic cyanide bands 35 occurs (highlighted in red in Figure 3 ) in line with the gradual bond length reduction within the Nb− CN−Fe HS motif and its bending observed by the XRD structural analysis. At 1.11 and 1.68 GPa two new bands appear with their maxima at 2107 and 2144 cm −1 (blue in Figure 3 ). These new bands are related to the pressure-induced spin crossover at Fe II and can be ascribed to stretching vibrations of the CN − ligands coordinated to LS Fe II centers. Increasing pressure gradually reduces the multiplet related to the HS Fe II as well as increases the intensity of two LS Fe IIrelated bands and shifts them toward higher wavenumbers. This confirms that the spin-crossover is induced in compressed FeNb and the transition starts around 1.2 GPa.
The changes in the CN-stretching region are fully reversible, which excludes the possibility of the irreversible CN-bridge isomerization (from Nb−CN−Fe to Nb−NC−Fe, see Figure  S2 , Supporting Information for the Raman spectrum before and after the high pressure experiment). 40 However, the reversible CN-bridge isomerization cannot be ruled out at this point. The FeNb exhibits also a pronounced piezochromic behavior caused by the pressure-induced ligand field change at the Fe II centers and the pressure-induced spin-crossover transition. Its color changes form dark pink at ambient pressure, through purple, blue and finally dark blue above 2.0 GPa (Figure 3 and video file in Supporting Information). These studies indicate clearly that mechanical stress causes the spin-crossover transition in FeNb.
At ambient pressure and low temperatures, FeNb is a ferrimagnet. 35 It exhibits a net ferromagnetic behavior due to the antiferromagnetic coupling between the nonequal neighboring spin carriers: Fe II and Nb IV (Figure 4 and Figure 5 ). The transition to a long-range magnetic ordered phase occurs at T c = 9.4 K. Above that temperature (10−300 K range) FeNb is a paramagnet with the room temperature χT product of 7.59 cm 3 K mol −1 (χ is molar magnetic susceptibility), which is close to the theoretical 7.64 cm 3 K mol −1 , assuming noninteracting HS Fe II with S = 2, g Fe = 2.2 and Nb IV with S = 1/2, g Nb = 2.0. The high pressure significantly changes its magnetic behavior. First of all, increasing pressure gradually decreases χT in the whole temperature range and lowers the plateau around 60 K ( Figure  4a ). These changes are also clearly visible in the χ −1 (T) plots and the obtained Curie constants as a function of pressure ( Figure S3 and Table S4 , Supporting Information). Moreover, at 0.5 GPa the long-range magnetic order changes from ferrimagnetic to antiferromagnetic, which is manifested by the loss of spontaneous magnetization characteristic for ferrimagnets (ferromagnets) observed at p < 0.5 GPa and the appearance of a maximum in the M(T) dependence at p ≥ 0.5 GPa typical for antiferromagnets ( Figure 4b inset, Figure 5 , and Figure S4 , Supporting Information). At higher pressures (p > 0.8 GPa) the transition to an antiferromagnetic phase becomes blurred and disappears above 1.0 GPa ( Figure S4 , Supporting Information).
The structural analysis and Raman spectra suggests that the observed changes of magnetic properties are due to the pressure-induced spin-crossover transition occurring at Fe II centers. 41 The χT(T) curves in the high-temperature region (250−50 K; Figure 4a ) indicate that at ambient pressure, all Fe II centers are in the HS state (S = 2; HS Fe II ). With increasing pressure, a fraction of Fe II centers undergoes an incomplete thermal spin-crossover transition to the LS diamagnetic state (S = 0; LS Fe II ). This manifests itself in the lowering of the magnetic ordering temperature in the 0.3−0.5 GPa region, which might be caused by the magnetic correlation 
Article length becoming restricted (Figure 4b ). At 0.5 GPa and below 50 K, the estimated fraction of LS Fe II is 0.25 ( Figure S5 and Table S4 , Supporting Information). Between 0.5 and 0.8 GPa, the fraction (0.75−0.50; Figure S5 , Supporting Information) and the distribution of the remaining HS centers promote the formation of antiferromagnetically coupled magnetic regions separated presumably by a layers of LS Fe II leading to the bulk antiferromagnetic behavior below 11.5 K (Figure 4b inset, Figure 5b , and Figure S5 , Supporting Information). At higher pressure (above 1.0 GPa) and low temperature (below 80 K), the spin-crossover transition is almost complete, which leaves weakly coupled Nb IV centers as the only spin carriers. Thus, the magnetic ordering is completely replaced by the paramagnetic behavior ( Figure S5 , Supporting Information). It can be concluded that the applied pressure determines the fraction of Fe II centers undergoing thermal spin-crossover and the lowtemperature magnetic behavior of FeNb.
This analysis is further supported by the shape of the magnetization vs. magnetic field curves at 2.0 K ( Figure S6 , Supporting Information). Below 0.4 GPa the M(H) dependence is characteristic for ferromagnets/ferrimagnets. In the 0.42−0.72 GPa range the M(H) curves become typical for antiferromagnetic/metamagnetic systems with critical fields between 6 and 9 kOe. Above 1.0 GPa the M(H) curves lose the features of the metamagnetic transition. The magnetization at 50 kOe decreases with increasing pressure, which is indirectly related to the fraction of Fe II centers undergoing pressure-and temperature-induced spin-crossover transition.
The comparison of the pressure-dependent magnetic data of FeNb and MnNb confirms that the observed behavior of FeNb is caused by the pressure-induced thermal spin-crossover occurring at Fe II centers resulting in diamagnetic LS Fe II . The magnetic behavior of MnNb does not show any features of spin crossover. Curie constants obtained by fitting the χ −1 (T) dependences with the Curie−Weiss law in the 200−300 K range and up to 0.92 GPa do not vary significantly and are only slightly lower than the expected spin-only value of 9.125 cm 3 K mol −1 for two S = 5/2 Mn II and one S = 1/2 Nb IV center assuming g = 2.00 ( Figure S7 , Supporting Information). The analysis of the M(H) curves and the magnetization saturation values at 2.0 K also confirm no pressure effect on the total magnetic moment of the Mn 2 Nb unit ( Figure S8 , Supporting Information). The ferrimagnetic transition at T c = 23.4 K at 0.1 MPa is shifted toward higher temperatures by the applied pressure ( Figure S9a , Supporting Information). The T c increase is linear in the investigated pressure range (up to 1.03 GPa) with the slope dT c /dp = 12.4 ± 0.2 K·GPa −1 (Figure S9b 
Article reported Mn II −Nb IV cyanide-bridged system with pyridazine as a coligand. 42 Such a behavior is consistent with the antiferromagnetic exchange transmitted through Nb−CN− Mn bridge. Pressure-induced structural changes, especially the Mn−N bond shrinkage, increase the overlap of the respective orbitals within Nb IV −CN-Mn II structural motif and strengthens the antiferromagnetic interactions. 43, 44 The photomagnetic measurements were performed for FeNb under pressure in a turnbuckle magnetic diamond anvil pressure cell (TM-DAC) 45, 46 with an optical fiber for sample illumination. The initial measurements "in the dark" at 0.03 and 0.60 GPa confirmed the same pressure-induced magnetic behavior as observed by using the CuBe cell. The transition to the ferrimagnetic phase at 9.4 K at 0.03 GPa was almost completely lost by applying 0.60 GPa pressure. Irradiation of the sample at 0.60 GPa with 473 nm laser light (5 mW power; the choice of the wavelength was based on the observations of Ohkoshi et al.) 24 caused an immediate increase of magnetization by the factor of 2.7 after only 20 min (Figure 6a and Figure 5b,c) . The time-dependent experiment was repeated several times for three independent loadings of TM-DAC and slightly different pressures up to 1.0 GPa, leading each time to the same result: a light-induced magnetization ( Figure 6 and Figure S10 , Supporting Information). Above 1.0 GPa the photomagnetic effect could not be observed anymore, most probably due to the structural restraint of the Fe II sites at higher pressures preventing the occurrence of LIESST. It is important to mention that the photoinduced phase is relaxing slowly back to the initial state (Figure 6b ). The relaxation rate has been determined by fitting the time dependence of the normalized magnetic moment f = (m − m dark )/(m off − m dark ) (where m is the measured magnetic moment, m dark is the last magnetic moment value right before switching "on" the irradiation and m off is the value of the magnetic moment immediately after switching the irradiation "off", see Figure S11 in Supporting Information for more details) for two independent loadings at two different sets of temperature, pressure, and magnetic field parameters, using a stretched exponential decay function f = exp(−τ/t) β which is suitable for gradual spin-crossover systems 47, 48 (τ is the average relaxation time, t is the time, and β parameter describes the width of the relaxation time distribution). The obtained best fit parameters are τ 1 = 23 630 ± 270 s, β 1 = 0.639 ± 0.003 (adjusted R 2 = 0.99908) at 2 K, 0.60 GPa, 100 Oe and τ 2 = 13 580 ± 90 s, β 2 = 0.610 ± 0.002 (adjusted R 2 = 0.99914) at 7 K, 0.75 GPa, 100 Oe. This means that the relaxation rate is slow at 2 K, 0.60 GPa (several hours) and a little bit faster at 7 K, 0.75 GPa (few hours). The β parameter of ca. 0.6 indicates that the distribution width of the magnetization relaxation times is broad (the relaxation of the magnetization is not linearly dependent on the fraction of relaxing HS Fe II centers).
The field cooled magnetization vs temperature dependence at 0.6 GPa (Figure 6c ) recorded under continuous illumination has a very similar shape to the M(T) curve at 0.03 GPa and very similar critical temperature indicating light-induced long-range magnetic order. Similar conclusion can be drawn from the analysis of the magnetic hysteresis loops recorded at 2 K (Figure 6d ). At 0.03 GPa (close to ambient pressure), FeNb is a ferrimagnet with a narrow hysteresis loop and magnetization of 5.0 μ B at 1000 Oe (black points in Figure 6c ). Pressure of 
Article 0.60 GPa is sufficient to reduce the magnetization to 1.1 μ B (red points in Figure 6c ). Blue light irradiation at low temperature leads to the anticipated strong photomagnetic response which manifests itself in larger magnetization similar to that observed before pressurizing the sample (blue stars in Figure 6c ). The increase of coercive field under pressure is consistent with increasing disorder due to the distribution of HS Fe II . Figure S10 (in the Supporting Information) presents the aforementioned results in a more detailed way which includes zero-field cooled and field cooled magnetization plots. Magnetic measurements without continuous illumination show some signs of magnetization relaxation that reduces slightly the long-range magnetic ordering temperature and the magnetization of the photoinduced ferrimagnetic phase (green stars in Figure S10d , Supporting Information). This confirms the photoinduced spontaneous magnetization under pressure. Even after several hours the relaxation was only slight and each time the magnetization stabilized at 200−250% of the initial level, depending on the TM-DAC loading.
The light-and pressure-induced changes are fully reversible; heating the sample back to room temperature and releasing the pressure back to ambient restores completely the initial state ( Figure S10b , Supporting Information). The analysis of the photoinduced magnetic phase shows that blue light restores the long-range magnetic order in the compressed FeNb by regenerating HS Fe II (S = 2) centers due to the LIESST effect ( Figure 5 ). The restored magnetic exchange within the −Nb IV − CN−Fe II − skeleton results in the photoinduced ferrimagnetically ordered phase.
■ CONCLUSIONS
The first pressure-induced photomagnetic effect has been demonstrated by performing high-pressure magnetic measurements up to 1.0 GPa with simultaneous illumination of the sample. The experiment revealed that the cyano-bridged FeNb compound is the pressure-induced spin-crossover photomagnet, which exhibits multifunctional behavior enforced by mechanical stress. This study shows that complex magnetic behavior including a variety of intriguing properties can be induced by properly adjusting the thermodynamic conditions. FeNb does not exhibit spin-crossover and photomagnetic behavior at ambient conditions but becomes multifunctional after adjusting the pressure. The presented approach to multifunctionality by manipulating temperature, pressure, and light is the first example of such a level of solid matter control that forces the photomagnetic switching. It is a new concept that can be adapted to other potentially photoactive molecular solids, opening a new field of high-pressure photomagnetic materials. 8 ]·4H 2 O} n in the form of crystalline powders and single crystals were synthesized in an aqueous solution using building block approach according to literature procedure. 35 All reagents for the syntheses, except K 4 [Nb IV (CN) 8 ]·2H 2 O, 49 were purchased from commercial sources. The purity of the samples was confirmed by elemental analysis and powder X-ray diffraction experiments. Both MnNb and FeNb were identical in all respects to those reported in the ref 33 .
High-Pressure Single-Crystal XRD Structural Analysis. The experiments were performed on single-crystal samples loaded into a modified Merrill−Bassett high-pressure diamond anvil-cell (DAC). 50 Crystals were glued to the anvil culet. Fluorinert oil was used as a pressure-transmitting medium. Pressure in the DAC sample chamber was determined with an accuracy of 0.03 GPa by the ruby-fluorescence method using a Photon Control Inc. spectrometer. 51 Pressure was checked before and after each diffraction experiment. The singlecrystal data were measured using the KUMA KM4-CCD diffractometer at 296 K. Data collection and preliminary data reduction were performed with the CrysAlis software package. Intensities of reflections were corrected for the DAC absorption, gasket shadowing, and the sample absorption. 52, 53 Reflections overlapping with diamond reflections were excluded. All structures were solved using direct methods and refined anisotropically using weighted full-matrix leastsquares on F 2 . 54 Details of the diffraction experiments and crystal data are given in the Supporting Information (Table S1 for FeNb and  Table S2 for MnNb, Table S3 , and Figure S1 ). All structures were deposited at the Cambridge Crystallographic Data Centre and have been assigned the following numbers: CCDC 1054045−1054065. These data can be obtained free of charge via www.ccdc.cam.ac.uk/ data_request/cif.
High-Pressure Raman Spectroscopy. Raman spectra were collected for FeNb sample sealed in a standard Merrill−Bassett DAC at room temperature using Jobin-Yvon Labram Raman microscope equipped with 633 nm He−Ne laser.
High-Pressure Magnetic Measurements. Magnetic measurements under pressure were carried out using Quantum Design MPMS-XL5 (FeNb) and MPMS3 (MnNb) magnetometers. The samples in form of crystalline powders were loaded into the CuBe pistoncylinder-type high-pressure capsule cell (HPCC; manufactured by HMD, Japan). Daphne 7373 oil was used as a pressure-transmitting medium hydrostatic up to 1.2 GPa. The actual pressure in the sample chamber at low temperature was determined with 0.02 GPa accuracy from the linear pressure dependence of the superconducting transition of high-purity lead (dT c /dp = 0.379 K/GPa) in case of MnNb and the pressure dependence of the superconducting transition of high-purity tin (dT c /dp = 0.489 K/GPa) in case of FeNb (AC susceptibility, 0.3 Oe, 1 Hz). The residual field of the MPMS magnet was canceled before each measurement. The magnetic data for both compounds were corrected for the background of the pressure cell filled with oil. The curves of the SQUID voltage response vs sample position in the gradiometer for FeNb were fitted taking into account the subtracted background. In case of MnNb, where the signal is much stronger, a simple subtraction of the HPCC measured magnetic moment was sufficient.
High-Pressure Photomagnetic Measurements. For photomagnetic measurements under high pressure, a unique combination of a MPMS Fiberoptic Sample Holder (FOSH; Quantum Design) and a turnbuckle magnetic diamond anvil pressure cell (TM-DAC) 45, 46 was used. The experimental setup consisted of the TM-DAC placed in a standard straw holder attached to the modified FOSH. Optical fiber and the quartz rod of the FOSH providing the incident 473 ± 1 nm laser light (MBL-III-473 powered by PSU-III-LED power supply) were attached to the cell, and a similar piece of quartz rod was attached to its bottom in order to minimize the asymmetry of the experimental setup and its influence on the gradiometer response vs sample position curves. All measurements have been corrected for the background signal of the empty pressure cell. Daphne 7373 oil was used as a pressure transmitting medium. A small amount of FeNb (ca. 10 μg, estimated from comparison with the magnetization data of the bulk sample) was loaded into TM-DAC together with a small chip of ruby. Pressure was determined by the ruby-fluorescence method at room temperature (pressure was checked before and after each experiment). 51 The measurements were performed using Quantum Design MPMS-XL7 SQUID magnetometer. Before the actual photomagnetic experiment under pressure, the quality of the sample was checked by recording Raman spectrum and magnetization measurements at ambient pressure. 
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